number of metals [24] [25] [26] [27] has enabled the gill to be considered as another ligand in computer-based geochemical models. Assuming that acute metal toxicity will depend on the metal-gill surface interaction [13] , prediction of toxicity based on water geochemistry and gill metal burden may be possible. At present, only copper toxicity to rainbow trout and brook trout has been directly correlated to gill metal accumulation [27] . Consequently, more data are required concerning the relationship between metal toxicity and metal speciation and gill metal accumulation. The present study provides information concerning the influence of water chemistry on silver toxicity in rainbow trout. Physiological (Na ϩ influx from the water) and biochemical (gill Na ϩ /K ϩ -ATPase activity) parameters are good indicators of the sublethal effects of metals [28] , and were measured to evaluate the effects of silver speciation (by changing water Cl Ϫ , Ca 2ϩ , Na ϩ , and DOC levels within the freshwater range) on silver toxicity in rainbow trout. The relationship between these indicators and gill silver accumulation was also assessed.
MATERIALS AND METHODS

Fish husbandry
Juvenile rainbow trout were obtained from Humber Springs Hatchery, Orangeville, Ontario, Canada, and were initially kept in flowing dechlorinated Hamilton (ON, Canada) tap water (0.6 mM Na ϩ , 0.8 mM Cl Ϫ , 1 mM Ca 2ϩ , pH 8.0, 10-15ЊC). The fish were fed trout food (Martin Mills, Tavistock, ON, Canada) at a ration of 1 to 2% of their body weight daily, except on the day prior to transfer to experimental boxes. Soft water was generated by reverse osmosis (RO, Andersen, Dundas, ON, Canada) and the fish were acclimated to this over a 2-week period. The final ion concentration in the holding tank was adjusted by the addition of dechlorinated tap water to give approximately 50 M Na ϩ , 50 M Cl Ϫ , 50 M Ca 2ϩ , and 0.3 mg DOC/L at pH 6.8 and 11 to 14ЊC. The fish were maintained in this medium for at least 4 weeks before experimentation.
Silver exposure
For each test at a particular water composition six or eight fish, average weight 8.83 Ϯ 3.84 g (ϮSD), were transferred to black Perspex boxes containing 2.5 L of RO water adjusted to 50 M Na ϩ , 50 M Cl Ϫ , and 50 M Ca 2ϩ by addition of the salts Ca(NO 3 ) 2 , NaCl, and KCl, respectively, to create a defined medium. The fish were maintained in these containers for 24 h prior to the experiment, with each box receiving aeration with a flow through of between 22.9 and 44.2 ml/ min.
Each experiment lasted for 6 h. On commencement of the experiment the flow to the boxes was stopped and the water was spiked with the appropriate salts. Silver was added as AgNO 3 to give a concentration of 3.7 g Ag/L, which was verified by analysis (see below). The water Cl Ϫ , Ca 2ϩ , Na ϩ , and DOC concentrations were varied individually by the addition of KCl, Ca(NO 3 ) 2 , Na 2 SO 4 , or commercial humic acid (Aldrich, St. Quentin Fallavier, France) to give concentrations in the range of 50 to 600 M Cl Ϫ , 50 to 1,500 M Ca 2ϩ , 50 to 1,500 M Na ϩ , and 0.3125 to 5 mg/L DOC, respectively. All values were verified by analysis (see below). No silver was detected in control media (detection limit 0.2 g/L). Once the boxes had been spiked the flow was turned on and the concentrations of salts, DOC, and silver were maintained by the addition of the relevant concentrated stock solution to the inflow via a peristaltic pump. After 4 h the flow was stopped and Na ϩ influx was measured over the next 2 h.
Na ϩ influx measurements
The Na ϩ influx rate from the water was determined by the addition of 1 Ci 22 Na ϩ /L. The radioisotope was allowed to mix for 15 min and then a 13-ml water sample was taken. A further water sample was taken at the end of the experiment. After 2 h of exposure to the isotope, the fish were euthanized by an overdose of anesthetic (MS-222, Syndel Pharmaceuticals, Vancouver, BC, Canada) and washed in 3 mmol/L NaCl for 1 min to displace surface-bound 22 
Na
ϩ . This was followed by two 1-min washes in distilled water. The fish were blotted dry with a paper towel, weighed, and then whole-body radioactivity was measured on a gamma counter (Packard, Downers Grove, IL, USA [29] , DOC by a Rosemount Analytical DC-180 automated TOC analyzer (Folio Instruments, Kitchener, ON, Canada), and silver by graphite furnace atomic absorption spectrophometry (AAS) (Varian AA 1275 fitted with a CTA-95 atomizer).
Whole-body Na ϩ influx was calculated from the formula q ϩ whole-body Na influx ϭ (2) SA · t · wt where q represents the counts per minute (cpm) for the whole body, t is the time, wt is the wet weight of the fish, and SA is the specific activity of the water calculated from
where cpm i represents the initial cpm per milliliter in the water, cpm f represents the final cpm per milliliter in the water, and [Na ϩ ] i and [Na ϩ ] f represent the initial and final sodium concentrations of the water, respectively.
Gill silver accumulation
At the end of a separate set of experiments that followed the same protocol, the fish were euthanized by an overdose of MS-222 and the gills were rapidly excised, washed in distilled water, and blotted dry. The wet weight of the gills was determined and a volume five times this weight of 10% (v/v) HNO 3 was added. The gills were digested for at least 3 h at 80ЊC, vortexed, and allowed to settle. A 100-l aliquot of the supernatant was diluted with 0.9 ml of nanopure water and then analyzed for silver concentration by graphite furnace AAS (as above).
Gill Na
At the end of a separate set of experiments that followed the same protocol, the gills were perfused with phosphate-free Cortland buffer (modified from [30] ), so as to minimize contamination with red blood cells. One or two gill arches were placed in 0.5 ml of SEI buffer (0.25 M sucrose, 0.02 M Na 2 -ethylenediaminetetraacetic acid [EDTA], 0.1 M imidazole, adjusted to pH 7.1 with HCl) and immediately frozen in liquid nitrogen.
The gill samples were thawed and kept on ice throughout the following procedure. The gills were sonicated by two bursts at 30% of maximum with a sonic dismembrator. The resulting mixture was centrifuged at 3,000 rpm for 5 min and the supernatant was removed. The protein content was determined this parameter (i.e., gill Na ϩ /K ϩ -ATPase activity) is a good indicator of the biological impact of silver.
The results from this study confirm that speciation governs silver toxicity. Furthermore, the results illustrate that the gill metal burden model does not relate to silver toxicity, as determined by inhibition of Na ϩ influx or inhibition of gill Na ϩ / K ϩ -ATPase activity. However, [Ag ϩ ] is a good indicator of silver toxicity to rainbow trout. A new regulatory approach for silver that considers speciation should be considered.
